Introduction
Posttranscriptional regulation is vital for gene expression. Furthermore, posttranscriptional regulation provides a mechanism for rapid changes in the protein composition of cells. In eukaryotic cells, the conversion of the initial primary transcript synthesized by RNA polymerase II into a functional mRNA involves three major events: 5′-capping, 3′-cleavage/polyadenylation, and RNA splicing. The addition of these specific modifications to both the 5′ and 3′ ends of the premRNA is crucial, as they protect mRNAs from enzymes that will quickly digest uncapped RNAs generated by RNA processing, such as RNA transcribed downstream from a polyadenylation site and spliced-out introns. Moreover, in the nucleus, the 5′-cap and 3′-poly(A) tail distinguish pre-mRNA molecules from various other kinds of RNA (1, 2) .
A s t h e n a s c e n t m R N A p r e c u r s o r i s b e i n g transcribed, the pre-mRNA processing events (i.e., capping, polyadenylation, and splicing) take place in the nucleus. Therefore, pre-mRNA processing occurs co-transcriptionally. The 5′-end is instantly modified as the RNA emerges from the surface of RNA polymerase II by the addition of the 5′-cap structure found on all mRNA molecules, and is immediately bound by members of a complex group of RNA-binding proteins as the nascent pre-mRNA continues to develop. These RNA-binding proteins subsequently assist in both RNA splicing and the exportation of fully processed mRNA molecules into the cytoplasm through nuclear pore complexes. In the cytoplasm, some of these proteins remain associated with the mRNA. However, most of them either remain in the nucleus or shuttle back into the nucleus shortly after the mRNA is exported to the cytoplasm (1, 2) .
In addition, it is important to note that mRNAs never occur as free RNA molecules in the cell, as they are always associated with proteins as ribonucleoprotein complexes (RNP). First, they exist as nascent pre-mRNPs that are capped and spliced as they are transcribed, and then become nuclear mRNPs following cleavage and polyadenylation. Finally, following the exchange of proteins that accompanies the export to the cytoplasm, they are referred to as cytoplasmic mRNPs (1,2).
Splicing
Pre-mRNA splicing is a process where introns are removed from the pre-mRNA and the remaining exons are connected to form a single continuous molecule. Introns are regions on RNA transcripts that do not code for protein. Transcripts with many exons can be spliced co-transcriptionally, although most pre-mRNA splicing events take place after the completion of mRNA synthesis. Other transcript modifications by RNA processing, such as end-capping of the pre-mRNA, assist pre-mRNA splicing. A large protein complex, known as the spliceosome, catalyses the splicing reaction. Proteins and small nuclear RNA molecules form the spliceosome that recognizes splice sites in premRNA (1,2).
Alternative splicing
Alternative splicing is a common mechanism used to regulate gene expression in eukaryotes (3) (4) (5) (6) (7) . It is recognized as a major contributor of proteomic diversity because it allows for the generation of multiple proteins from a single gene (8, 9) . It is known that 90% of human genes undergo alternative splicing (10) . One notable example is the Drosophila Dscam, which can encode more than 38,000 proteins from a single gene (reviewed in 11).
Types of alternative splicing
There are several types of alternative splicing, the most common type being "exon skipping" (also known as "cassette exon"). Other known alternative splicing events are: alternative 5′ splice sites, alternative 3′ splice sites, intron retention, and mutually exclusive exons (reviewed in 11, 12) . Owing to alterations in exon combinations during alternative splicing events, the resulting protein isoforms may have different functions or activities.
Regulation of gene expression through alternative splicing
Regulation of splicing involves both trans-and ciscomponents, including sequences in pre-mRNA as well as cellular factors (RNA or protein, respectively) (12) . In most cases, the trans-factors and cis-elements involved in a particular alternative splicing event are difficult to predict. Similarly, because many pseudoexons that are flanked by predicted splice sites are not spliced, it is challenging to predict exons from the genome sequence information alone in the absence of transcript sequence information. It has been previously demonstrated that the presence of a pair of strong splice sites was not sufficient to define an exon (12) .
To gain a better understanding of the underlying mechanisms, global analyses have been performed and the results indicate that relative enrichment in exon splicing enhancers (ESEs) or exon splicing silencers (ESSs) can help distinguish authentic exons from pseudo-exons. Despite extensive variation in the sequence of auxiliary splicing elements, they are crucial to the determination of alternative exons (12) . Many ESEs were reported to contain binding sites for members of the serine-arginine rich (SR) protein family. SR proteins play important roles in the assembly of the spliceosome and function as both essential splicing and regulatory factors. Members of this protein family have a modular structure with one or two N-terminal RNA recognition motif (RRM)-type domains that bind RNA, in addition to C-terminal domains that are enriched in serine and arginine residues (RS domains). Additionally, RS domains are found in other core splicing factors, such as U2AF65 and U2AF35. They function to facilitate both protein-protein and protein-RNA interactions (12).
Neuronal splicing regulators
Certain pre-mRNA-binding regulatory proteins direct changes in splicing patterns and consequently enhance or silence particular splicing options. Previous studies have shown that these factors can be classified as positive or negative factors. SR proteins, as well as their related proteins, are among the most wellknown and best characterized positive factors. These proteins bind to elements on ESEs and promote exon inclusion. Negative factors include members of the heterogeneous nuclear ribonucleoprotein (hnRNP) group of RNA-binding proteins, such as hnRNPA1 and the polypyrimidine tract-binding protein (PTB/PTBP1) (reviewed in 5,13).
In addition, several proteins have the ability to either enhance or repress exon inclusion, depending on the position of their binding sites relative to the target exon. These RNA-binding proteins maintain developmentally regulated splicing patterns, albeit partially; however, the proteins that mediate changes in splicing in response to neuronal activity are largely unknown. Certain splicing factors are exclusively expressed in neurons for instance PTBP1, RBFox proteins and Nova 1, while others are enriched in neurons in the brain such as PTBP2 (nPTB) and RBFox proteins. However, splicing factors that are enriched in neurons in the brain can also be found in other tissues. Additionally, other factors can determine neuronal splicing patterns by their absence in neurons. Several proteins have been shown to control various groups of target transcripts in a coordinated expressed in neuronal progenitors and it was detected in differentiated neurons and some astrocytes. Moreover, PTBP2 has been shown to be critical for postnatal survival and proper splicing of hundreds of mRNAs in the brain (21).
Nova1
The neuro-oncological ventral antigen (Nova1) is a neuron-specific RNA-binding protein that binds to the RNA sequence UCAUY. Nova1 has been reported to regulate the alternative splicing of several genes, including the glycine receptor a2 (22, 23) . In humans, the NOVA1 gene is highly expressed in motor neurons. In contrast, NOVA2 is abundantly expressed in neurons of the cortex, dorsal spinal cord, and hippocampus. Both factors were first identified in patients with paraneoplastic opsoclonus-myoclonus-ataxia (POMA) as autoantigens (reviewed in 5).
RBFox proteins
Originally identified in Caenorhabditis elegans, the feminizing locus on X (RBFox1) gene functions as the numerator element to determine the number of X chromosomes relative to the ploidy. Additionally, RBFox1 plays a role in the determination of male or hermaphrodite development (24) (25) (26) . RBFox1 is an RNA-binding protein that contains an RRM. RBFox1 was reported to be expressed in the brain, heart, and skeletal muscle in mouse (27) . Furthermore, Jin Y., et al. (28) showed that the zebrafish RBFox1 protein binds specifically to the pentanucleotide sequence GCAUG in their SELEX experiments.
In mammals, three members of the Fox family manner, despite exon regulation by multiple factors (5).
Splicing regulators
As mentioned above, changes in splicing pattern are directed by positive and negative regulatory factors that bind to pre-mRNA and enhance or silence particular splicing choices (reviewed in 5, 12, 14) . Notable regulatory proteins that participate in neuronal alternative splicing are reviewed below and summarized in Table 1 .
PTBP1 and PTBP2
Polypyrimidine tract-binding proteins are RNA-binding proteins that contain four RNA-binding domains of the RRM type (15) . They are abundantly and widely expressed nuclear RNA-binding proteins. In addition, PTBP1 ( Figure 1 ) has been shown to be involved in various cellular processes that affect gene expression, specifically alternative splicing (14) (15) (16) (17) . Furthermore, PTBP1 was reported to bind short RNA elements containing mixtures of U and C, such as UCUCU and UUCU (15, (18) (19) (20) . PTBP1 and hnRNP A1 are classified as hnRNP proteins. They have been implicated in repressing certain splicing events, thereby creating a layer of negative regulation. Moreover, PTBP1 has been recognized as a key splicing repressor in mammalian cells (13) . In contrast, the paralogue protein PTBP2, or nPTB, is present in the nervous system and testis (21) . The function of PTBP2 in the brain remains unclear, although PTBP1 has been suggested to act as a negative regulator of neuron-specific exons in nonneuronal tissues (21) . PTBP2 has been shown to be proteins -RBFox1, RBFox2, and RBFox3 -have been identified. RBFox1 and RBFox2 are closely related because they share an identical RRM domain (illustrated in Figure 2 ) (29) . RBFox1 and RBFox2 are also known as the ataxin-2 binding protein 1 (A2BP1) and RNAbinding motif protein 9 (RBM9), respectively. The latest addition to the family, RBFox3, has not been extensively characterized and its role is still not very well understood.
KHDRBS1
KH domain-containing, RNA binding, signal transduction-associated 1 (KHDRBS1), previously known as Src-associated in mitosis 68 kDa protein (SAM68), is a nuclear RNA-binding protein. KHDRBS1 has been reported to be involved in numerous mRNA metabolism events, including nuclear export, translation, and somatodendritic transport, as well as splicing (30, 31) . KHDRBS1 belongs to the signal transduction and activation of RNA (STAR) domain protein family. KHDRBS1 possesses a GSG domain that binds to A-or U-rich RNA sequences, such as UAAA or UUUA, and forms homodimers. Consistent with its role in alternative splicing, KHDRBS1 is primarily localized in the nucleus (30,31).
An example of splicing regulation mediated by the RBFox protein family
In this section, we describe a mechanism for neuronal alternative splicing based on our previously published report (32) , consistent with several others (summarized in Figure 3) . The RBFox1 protein family functions as either a splicing enhancer or a repressor in the regulation of alternative splicing (27, 33) . The RBFox1 protein family specifically binds to the (U)GCAUG target sequence. It functions as an exon repressor when the target pentanucleotide is located in the upstream intronic flanking (UIF) region of the regulated exon. In contrast, the RBFox1 protein family promotes the inclusion of the skipping exon (cassette exon) if the (U) GCAUG element is located in the downstream intronic flanking (DIF) region.
As an example, in many heterologous cells, RBFox1 expression promotes skipping of exon 9 in the F1γ mini-gene by specifically binding to the GCAUG stretches located within the UIF region (28, 33) . Another example of RBFox-mediated regulation was demonstrated in the CaV1.2 L-type calcium channel gene, where the expression of RBFox1 and RBFox2 repressed exon 9* through (U)GCAUG motifs in the intronic and exonic regions (34) .
As previously mentioned, the RBFox1 family can also mediate the inclusion of skipping exon (cassette exon) via (U)GCAUG sequences located within the DIF region. In the rat fibronectin gene, RBFox1 expression promoted the inclusion of an EIIIB exon via highly repeated and evolutionarily conserved (U)GCAUG elements in the DIF region. Additionally, several studies have shown that RBFox2 can positively regulate the inclusion of exon 16 in the protein 4.1 R pre-mRNA during late erythroleukemia cell differentiation and in heterologous HeLa cells via conserved triple (U)GCAUG repeats within the DIF region (33, 35, 36) .
A comprehensive analysis of alternative splicing and functionality in the neuronal differentiation of P19 cells
In order to thoroughly investigate the neural splicing event in the P19 mouse embryonic carcinoma cell line, we previously performed a GeneChip exon array study using total RNA purified from undifferentiated P19 cells (Day 0), neuronal-differentiated cells (Day 7), and cells from the glial cell stage (Day 10) (37). We employed nine filtering conditions for probe sets based on annotations, estimated gene expression levels, splicing index (SI), and detection above background (DABG) values, as well as alternative splicing predictions. We extracted 262 differentially alternatively spliced (DAS) candidate exons for neural splicing. Among them, 30 exons were validated by RT-PCR. Results from RT-PCR suggested that 87% of these exons were altered between undifferentiated and neuronal-differentiated cells. Furthermore, bioinformatics approaches, such as gene ontology (GO) analysis, text-mining, and pathway analysis, also suggested that many candidate exons were associated with neural events. In addition to the gene-level informatics analyses, we also performed text-mining for the alternative isoforms. This type of analysis is a new approach to detecting exon-level annotations (37) .
In order to test whether the 262 DAS exons of 236 DAS genes were involved in neural events, GO analysis was performed using the Biological Process category. These terms were categorized into 10 groups: neural-related process, differentiation and development, signalling, post-translational regulation, transcription, cytoskeleton and cell adhesion, cellular transport, cell cycle and proliferation, apoptosis, and others. The most enriched category was neural-related process (20.8%), followed by differentiation and development (12.5%), cytoskeleton and cell adhesion (12.5%), and signalling (9.7%) (37) .
The functions (cell processes) of 151 of the 236 DAS genes have been previously described; however, the remaining 85 genes were classified as unknown genes. Because their functions in neural cells or organs have been previously reported, 66 of the 151 DAS genes with known functions were categorized as wellknown genes in neural processes. The remaining 85 genes were categorized as functional DAS genes owing to limited evidence for their neural regulatory roles. Our results suggested that many DAS genes are associated with neural events, which was also demonstrated by the GO analyses. Because the 66 well-known genes have been studied in neural cells or organs, further studies on functional differences between the alternative isoforms may reveal their functions in non-neural cells or organs (37) .
We subsequently identified biological relationships between the 189 cell processes and 85 functional DAS genes. The analysis showed that 47 DAS genes were linked to these cell processes. These relationships are potentially important because isoforms created by neural splicing may have novel functions that have not been previously reported in neural cells. Furthermore, 11 of the 47 genes were involved in cell cycle-related events, as well as in G1 and/or S phase processes (37) .
In addition, we also performed GO analysis on the 66 genes whose functions are known in neural cells and tissues. Surprisingly, RNA splicing was the most frequent GO term for these genes. Remarkably, the RBFox1 homologue was among the 66 genes. The exon array analysis results also suggested that RBFox2 has one alternative exon, which was altered in neuronal differentiation (37).
Alternative splicing and disease
In certain regulators, such as RBFox2, hnRNP, and SR proteins, changes in the nuclear level occur frequently in cancer (39) . Furthermore, previous studies have shown that a number of splicing factors, including SR, RBFox, and hnRNPA1 proteins, are associated with Alzheimer's disease (AD) (39) . Technically, the expression is not misregulated in the disease, but in the patient that has the disease. On the other hand, splicing components (e.g., U1 snRNP) seem to be depleted from the nucleus, thus forming cytoplasmic aggregates (39) .
RBFox proteins have been known to play an important role in brain development and function. Thus, the haploinsufficiency of this protein has been implicated in various neuropsychiatric disorders, including Autism spectrum disorder (ASD). Since RBFox proteins affect other pathways in transcription in addition to RNA processing, it is challenging to identify clinically relevant sets of splicing events. In addition, there are three highly related RBFox proteins expressed in the brain, with partially overlapping functions (39).
Conclusions
Alternative splicing is a major contributor to proteomic diversity. This mechanism allows multiple proteins to be generated from a single gene. In addition, the resulting isoforms may have different functions or activities, as exon combinations are altered in alternative splicing events. Changes in splicing patterns are influenced by regulatory proteins that bind to pre-mRNA and enhance or silence particular splicing choices. In addition, it has been noted that some splicing factors have been linked to neuronal diseases for instance AD and ASD as well as cancer (39) .
